Poyang Lake, one of the most frequently flooded regions in China, connects with the Yangtze River and the five sub-tributaries in the local catchment. The lake's hydrological regime is complicated by a complex hydraulic connection and strong river-lake interaction, especially for the extreme hydrological regime. This study analyzes the relationships between the lake level changes and the flow regimes of Yangtze River and local catchment during the flood season and employs a physically based hydrodynamic model to quantify their relative contributions to the development of floods. The study found that the large catchment runoff and Yangtze River discharge were both significant contributors to flood development but that their contributions were unevenly distributed in time and space. The local catchment imposed more influence during the period of April-May and at the middle parts of the lake, and its influence decreased toward the north and south; in contrast, the most remarkable lake level changes were observed in July-August and at the northern lake for the Yangtze River cases, and these changes reduced from north to south. Moreover, Yangtze River imposed far stronger influences on the lake level changes than the catchment runoff and dominated the duration of floods to a great extent.
INTRODUCTION

)
; this is especially true in the Yangtze River basin, which is historically one of the most frequently flooded areas in China (Zhao ; Cai et al. ) . Poyang Lake, the largest freshwater lake in China, is located in the middle and lower reaches of the Yangtze River and is one of the few lakes that remains naturally connected to the Yangtze River. During the past several decades, the Poyang Lake region has experienced as many as 17 major flood events, six of which can be categorized as severe floods (i.e., 1954, 1983, 1995, 1996, 1998, and 1999 ) (Li et al. a) . Moreover, it has recently been shown that the frequency and severity of the floods in Poyang Lake Li & Zhang ). For instance, a big flood event in 1998 resulted in several cities in the lakeside area being severely flooded, affecting more than 600 thousand people (Min ) and resulting in more than $5 billion in economic losses for the Poyang Lake region (Chen et al. ) .
As is well known, explaining the triggering causes and affecting factors of floods is an important prerequisite of flood disaster prevention and mitigation (Nie et al. ) .
This is also indispensable for flood management in
Poyang Lake and has raised extensive concern. Numerous studies have been carried out to investigate the triggering mechanism of Poyang Lake floods and their relationships with climatic characteristics and human activities. Usually, the severe flood events in Poyang Lake are mainly ascribed to the abnormal climate variability (Nakayama & Shank- man ), i.e., during the flood seasons of 1998 and 1954, the average total precipitation was significantly higher than usual in the Yangtze River basin (with the most excessive rainfall of 300 mm and 220 mm, respectively, during June-July) (Nakayama & Watanabe ). net/pyhgk.htm). Generally, the lake water surface has relatively large gradients in dry seasons, i.e., the lake level in the south is 5-6 m higher than in the north (Figure 2(a) ), and the water flows from the south and discharges (outflow)
into the Yangtze River. During the wet season, the elevated water level of the Yangtze River may raise the northern lake level and block outflow from Poyang Lake and, in some cases, may cause backflow from the Yangtze River to Poyang Lake (Shankman et al. ) .
The total drainage area of the water systems is 16.22 × 
Data
The observed daily water levels of Poyang Lake at five hydrological stations (i.e., Hukou, Xingzi, Duchang, Tan 
METHODS
Hydrological data treatment
Flood events were considered to occur in this study when the Poyang Lake stage at Xingzi station exceeded the level of 19.0 m, which is also the warning stage for the lake. To quantify the effect of the streamflow from the five sub-tributaries on the lake level, the total runoff from the Poyang Lake catchment to the lake was defined as the sum of the flow measured at Waizhou, Lijiadu, Meigang, Dufengkeng, Shizhenjie, Qiujin, and Wanjiabu hydrological stations ( Figure 1 ). As the discharge data at Qiujin were missing during 1960-1982, the linear regression method with the observed discharge at Wanjiabu station was used to estimate the missing values. Moreover, the concept of anomaly was used in the study to conveniently reflect the variation of the runoff inflow from the local catchment and discharge of the Yangtze River, which is defined as the deviation at each month from the average water flow for the study period of 1960-2010 (see Equation (1)). Also, the anomaly was adopted in the analysis of lake level change as follows:
where Ф is the anomaly, X i are the monthly hydrological variables, and X i are the average monthly values during the study period.
The MIKE 21 model
The hydrodynamic model is a powerful tool to address the flow regime changes and hydraulic connection and interaction in complex river systems. Especially in Poyang Lake, the combined effects of catchment inflows and the interaction with the Yangtze River result in a considerable seasonal variation of some 10 m in the lake water level (Zhang et al. ) ; moreover, the complex flow patterns and hydrodynamic processes must be considered in 
Scenarios of catchment runoff inflow and Yangtze River discharge in typical years
To accurately explore the relative contributions of the catchment and the Yangtze River to the lake level during the flood period, the following different scenarios of catchment runoff inflow and Yangtze River discharge in typical years (i.e., 1996
and 2006) were proposed in the study. Namely, scenario S0 was meant to represent the actual streamflow from the five sub-tributaries in the Poyang Lake catchment and the discharge at Hankou station, which was used as a reference case for comparative purposes. Scenarios S1, S2, and S3
(with the original discharge rates of the Yangtze River and 10%, 20%, and 30% increments of catchment runoff inflow, The details of the BPNN structures are provided in Li et al.
(b) and are thus not repeated here. of 252 × 10 8 m 3 (Table 2) , resulting in a continuous rise in the lake level before the flood season. In July, the water flow from the catchment was also significantly above the usual level, with a positive anomaly of 69 × 10 8 m 3 . More importantly, an abnormally large discharge and elevated water level in the Yangtze River in July blocked the outflow from Poyang Lake, which acted to further increase the lake level to 21.77 m on 13 July (Table 1) (Table 1) .
RESULTS
Correspondingly, Figure 4 shows the variation characteristics of the total runoff inflow from the catchment, the discharge of the Yangtze River, and their effects on the lake level anomaly in non-flooding years. It can be seen that, in general, the total water flow from the catchment during April-June was smaller than the average, with negative anomalies ranging from À370 × 10 8 m 3 to À22 × 10 8 m 3 (Table 2 ). In addition, without exception, the discharge Table 1 , had differing relationships between the total runoff inflow and Yangtze River discharge and lake level variation, compared to other years. Figure 5 shows the variation in the water flow found that the water level changes, regardless of whether these changes were increases or decreases, were distributed unevenly in different months. Specifically, the largest water level changes in scenarios S1, S2, and S3 were observed during April-May (except at Kangshan station) with the average increment of 0.11-0.14 m, 0.21-0.25 m, and 0.31-0.38 m, respectively, but they became small during July-August and were smallest in September. As for scenarios S4, S5, and S6, the seasonal distribution of water level changes was opposite to the former, i.e., the most significant decreases were presented during July-August (with the average decline of À0.58 to À0.78 m, À1.61 to À1.71 m, and À2.59 to À2.61 m in scenarios S4, S5, and S6, respectively), but they were trivial during April-May.
Figures 6 and 7 further validate that the streamflow from the Poyang Lake catchment imposed more influence on the lake level during April-May than other periods, while the Yangtze River created a stronger blocking effect during July-August than other periods.
Moreover, the hydrodynamic simulation revealed that the spatial distribution of the water level change was also uneven. Figure 8 shows the variation of the water level changes at different stations in the lake, using scenarios S3 and S6 as examples. It is obvious that, during April-June, the increment of the water level in case S3 was more significant at Duchang and Tangyin than at Xingzi and Kangshan, but the decline of the water level in case S6 was the most remarkable at Xingzi and showed a gradual attenuation from Xingzi to Kangshan. Additionally, this pattern could be extracted more clearly from the spatial distribution of the average water level changes, which were derived from the outputs of the hydrodynamic model. As Figure 9 (a) shows, the largest water level change in April for scenario S3 was observed at the middle parts of Poyang Lake with an approximately 0.7 m rise, and the increments were generally reduced toward the north and south. Whereas the average water level change in scenario S6 was more remarkable at the northern parts of the lake, the declines reduced from À1.0 m at the northern parts of the lake to À0.1 m at the southern parts (Figure 9(b) ).
During July-September, almost uniform water level changes were observed at different stations in both scenarios S3 and S6 because the lake surface is almost horizontal during the flood season. In addition, the study was also extended to investigate the duration changes of the high lake level, which resulted from the impacts of the local catchment runoff and Yangtze River flow. Table 3 further, the date of floodwater receding was delayed for 1-4 days, but the starting date was almost unchanging.
In contrast, the decrease of the Yangtze River flow led to a distinctly shorter duration of the high lake level as expected, and some of them were reduced to 0 because the highest lake level did not exceed the threshold level.
It also resulted in several days' delay of the floodwater The hydrodynamic simulation also revealed that the lake level change was the most remarkable at the middle parts of Poyang Lake for the catchment scenarios (S1, S2, and S3), but at the northern parts for the Yangtze River scenarios (S4, S5, and S6) during April-June, and during JulySeptember, the almost uniform water level changes were observed in both scenarios. Lai et al. (a) In addition, several scenario simulations were used in the present study to examine the effects of the local catchment and the Yangtze River. However, the discharge scenarios at
Hankou for the flooding year (1996) were designed to decrease the original streamflow, considering the rationality and existence of scenarios in reality when we evaluate the blocking effect of the Yangtze River (S4, S5, and S6). Such a treatment resulted in opposite changes of the lake water level compared with that in the catchment scenarios (S1, S2, and S3). To evaluate the effect of such treatment on the results, we also compared and examined the relationships between the increased and decreased discharge scenario of the Yangtze River with a low scale of change (10%) and the results are shown in Figure 11 . The simulation results demonstrated that the increase of the Yangtze River discharge elevated the lake level as expected. Moreover, a similar distribution of the lake level changes with its counterparts (scenario S4) was observed, i.e., the increments of the lake level were significant during July-August but trivial in April-May, and the lake level changes reduced from the northern parts to the southern parts.
Therefore, the effect of the opposite scenarios design was weak, and the above conclusions derived from the scenario simulations were conclusive. Lake. In addition, efforts should be made to quantify the influences of intensive human activities in the next study.
CONCLUSIONS
